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6 ? 1? ??
1.2 Si?????
1.2.1 Si??
?????Si?????? 14???????????????? 5:430 A???


































????X ???? (hkl)???????????????? a1?a2???
???????????????????????????? b1?b2??
b1 = pa1; b2 = qa2 (1.1)
???????????????????X(hkl)-(p q)????????
? 1.2?????????????????? 1.2(a)???????????








































? 1.3: ???? Si???????
(a) (100)???(b) (111)???(c) (110)??????????????????
??????????????? Si????? 2??????????????
????? 2?????????









?????????????????? [5, 7]?? 1.4????????????
????????????????????????????? y??????
??????? f ?????x???????????????1??? 2???

































? 1.4: 1??????????????????? [5]








?????????? k = 0?????????????????? a=2???
??????????????????? k = 2=a?????????????
(? 1:5(b))????????????????????????????? SBZ
????????????? SBZ????????????? (? 1:5(e))????
???? (X?)?????????????????????????????
????????????????? (? 1:5(d))?unit cell? 2????????
???????????????????????? 2???????????
??????????????????? [9]?


























????????? unit cell????????? a????(b)  ???????






































































? 1.8: Si(110)-(162)ATI??? [13]














Si-Si???? 2?????R?????2????? p2mg?????17??? 2
????????????????????? p1g1?p2mg?p2gg?p4mg ? 4?
????????????????????????????????????
??????????



































? 85C?????? 5??????????? 1.10(a)?????(b)?????
????????????????? 1.10(a)? 2070.8?2089.4 cm 1?????
???H???????????H:Si(110)????????? 2??H????
????????????? 2????????????? 1.10(b)? 2139.9 cm 1





1.4. ???? Si(110)-(11)?? 19
? 1.10: Watanabe?????????????????? [26]
? 1.11: dihydride?????? [26]
20 ? 1? ??
Arima???FTIR?????????????????????? STM??
?????????????????????????? [27,28]?? 1.12???




??? dihydride ??????????????? 1?? Si??? 1??H??
?????monohydride???????????????????
(a) (b)






?? Si(110)-(162)??? H???????? H:Si(110)??????????
??????LEED???????????????????HREELS?????
?????????
1.4. ???? Si(110)-(11)?? 21
? 1.13???????????HREELS?????????? 1.13(a)?(b)?








? 1.13: Eremtchenko????H:Si(110)-(15)???HREELS????? [30]
(a)?(b)? 50 L?(c)? 100 L???????????????(a)?(c)? specular
???(b)? 6.9?? o-specular?????????2?
2???????????????? i????? s ????specular???? i = s?o-
specular???? i 6= s ???????






? 1.14: Ye????H:Si(110)?? STM?? [31]














































































































































  eE(r) = mr!2   eE(r) (2.4)
??????? r?????????!???????????????????
?????????????????????????r????????





























+ 2!20r = 0 (2.9)
???????r????????











2 =  (2.11)























Ei = Es +E (2.13)































???????????? dynamic dipole moments?????????????



















32 ? 2? ????
2.2 ?????????LEED?



















????????? ki?ks?????k = ks   ki????????



























dV n(r) exp ( ik  r)
????????????????????????? n(r) =
P
G nG exp (iG  r)?????
F =
Z
dV nG exp [i(G k)  r]
???????? (2.17)?????????
34 ? 2? ????
ki
ks


















































~! = Ef   Ei (2.18)


















~! = Ef   Ei = EK +W + (EF   Ei) = EK +W + EB (2.20)













38 ? 2? ????
?????????????????????????????????????




2mEK sin  (2.23)
~K? =
p
2mEK cos  (2.24)
????????????????????????????????????
????????????????????????????





2m(Ei + ~!  W ) sin  (2.26)
~k? =
p
2m[(Ei + ~!  W ) cos2  + V0] (2.27)
??? V0 = E0 +W ???????????????????? 2??????





























































































 ??????????????? 18 min ! 1 min




2. SP1??????????? SP2???????? 30??????
2.4. ???? 43
3. SP2????????TMP???? 5?????????
4. ? 1-2??????????????????? 2???????????


















? 2.11? H:Si(110)-(11)????????????????????? n?
Si(110)?????P doped, 1-3 
















































 ???????? Si????? 108 mm2??????????
 ?????????? NH4F?40% w/w?+(NH4)2SO4?1% w/w????
????????? 10???????????
























??? 113 meV?265 meV????????????????????????
?monohydride????????????? [26,28,30]?
50 ? 3? ?????????






























Ei = 9 eV





































Ei = 9 eV







???? 9 eV???????????????? 7 meV????





























? 3.3?H:Si(110)??? LEED?????????????????? 30 eV
?? 200 eV??????????????????????????????
??[001]?????????????????????????????? -X0
?  -X???????????? 1 :
p
2????Si(110)-(11)????????
(1 0)?(1 0)?(3 0)?(3 0)?????????????????????????






















? 3.3: H:Si(110)-(11)??? LEED?????????
???????? (a) 30 eV?(b) 50 eV?(c) 70 eV?(d) 90 eV?(e) 110 eV?(f)
140 eV?(g) 170 eV?(h) 200 eV ?????????????? (b)????(c)
? (10)?(10)??????? (h)? (30)?(30)????????????????
????

















? 3.4: H:Si(110)??? 1?????????????
54 ? 3? ?????????
3.3.1 Large-scale STM??












??? 1?3 ML ??????????????????Rrms?Rpv??????
??? 0:61 0:02 nm?2:25 0:09 nm????
??????????? Arima???? [27, 28]??????Arima????
??????????????????????????????3434 nm2?
??????????????????Rrms = 0:12 nm?Rpv = 1:07 nm????
?????????????????Rrms?Rpv????? 0.08 nm?0.64 nm?
???????????????????????????????





























? 3.5: H:Si(110)??? STM??430430 nm2?
(a)STM??Vt =  1:70 V?It =  0:24 nA?(b)??A-A0?B-B0???????
???????????????H:Si(110)-(11)??? 1 ML????????
?????? \R"??????? 3.9 ????????????????
56 ? 3? ?????????
3.3.2 Medium-scale STM??
? 3.6(a)??????? 5050 nm2?STM??(b)? [001]???C-C0????
??????????????? 3.5(a)??????????????????-
????????????????????? [110]?????????????


















































? 3.6: H:Si(110)??? STM??5050 nm2?????????
(a) STM??Vt =  1:77 V?It =  0:08 nA?(b) ??C-C0??????????
??(c) STM? (a)????????????3???????????????
??????????????
58 ? 3? ?????????
3.3.3 ?????STM?????????
? 3.7(a)?? (b)?????? STM???????????????????
????? 3.7(c)? STM???????????Fast-Fourier Transform: FFT?
??????? 3.7(a)??????????? STM????????????
2.02.0 nm2??????????????H????????????H???
??? groove???? 1.9(a)???????? 1???????????? 3.7(b)
? (a)???? D-D0?[110]???? E-E0?[001]??????????????
??????????????????????H??????????[110]?
??[001]????????????????????????????????
???? 3.7(c)? 4.04.0 nm2? STM???? FFT??????FFT????
????? LEED????????????????????????????
????????????????????????



































? 3.7: H:Si(110)???????? STM??2.02.0 nm2?? FFT??
(a) STM??(b) ?? D-D0?E-E0??????????????(a)?????
???????????????(c) 4.04.0 nm2? STM??????????
?FFT???????????????? 3.3(b) ? LEED??????????
??????????????????????????????









??????L1?L2????? 0:55 0:02 nm?0:39 0:02 nm????L3?H
??? 1?????????0:25 0:02 nm???????????? Si-Si??
???? Si?0.235 nm??H-Si???????0.148 nm???????????
?????????????????H:Si(110)-(11)??? Si(110)?????
????????????????H:Si(110)??????H?????????





L1 0.55  0.02 0.543
L2 0.39  0.02 0.384
L3 0.25  0.02 0.235
L4 ? 0.136
nearest H-H 0.312  0.020 0.305
* Model?????????????


















?????????????? 3.5(b)??????? \R"?? 0???????
? 0.192 nm???????????????????????????????
???????????????????2%????430  430 nm2????
? 14??????????????????????????????????
??????????????? [110]???????????? 3.9(b) ????
????? 3?0?-3 ML???????????????????? 1????
????????????????? 3??????????????????
??????????? [001]???? 100 nm??????[110]????? m





















































































(a) ? 3.5(a)? STM??????????(b)???????????????
? 3.5(b)?????? \R"?? 0????????????(c) [001]?????
??????(d) [110]???????????????????????? (c) 5
nm?(d) 10 nm????
64 ? 3? ?????????
3.4.2 LEED??????????
????? 3.3? LEED????????????????????????


























????????? 30?110 eV? LEED????? 10 nm?????????










 H2SO4:H2O2=3:1??? 15????????????????? 200C?
???? Si?????????????????????














???? 2????? p2mg??????? (11)????????????
????????????????? 3????????? [110]???? m?
???????????? [001]???????? 100 nm??????????
[110]??????????????????????????????????







H????????? STM?? FFT???????? 2?????????
????? Si(110)????????????????????????????






























?? 4??????  ?????????????? -X ??????????
????
???????????????????Graschus???????????













? 4.2: Graschus???????????? [40]
(a) H-Si?????(b) H-Si?????(c) Si(110)???????????









































? 4.3: H:Si(110)-(15)??????????? [30]
(a) LEED??(b) ????????????????????????????
??????Graschus?????? [40]????

















????????? X?0.82 A 1??X0?0.58 A 1????? 2nd SBZ????
????????????????????? 25?110 eV??????????
















































? 4.4(a)?  -X?(b)?  -X0??????H-Si????????HREELS??
?????????????????????????????? ?? =  = 0?
???????????? Ss???????????????? 4.4(a)?????
???? 259.2 meV?? 257.5 meV????????????????????
??????????????1st SBZ?0   < 1??????????? Ss?
2nd SBZ?1 <   2??????????? Sa???????????????






? 4.5(a)?  -X?(b)?  -X0??????H-Si????????HREELS??
????????????????????????????????????











































































































































































































































78 ? 4? H:Si(110)-(11)???????????
4.3.2 ????????????HREELS?????
30 meV??????????







????2nd SBZ? 19.0 meV????????????? anti-Stokes????
????????????????????????????????????
????????? 290 5 K???????????????????????
?????????????????????????????????Rayleigh
Wave : RW???????????????????????????????
RW?????? 1st SBZ??????????? 2nd SBZ?????????
?????????25.4 meV??????????  = 1:00?X???????

































































Ei = 80 eV
? 4.6: 30 meV?????????????HREELS???????????
80 ? 4? H:Si(110)-(11)???????????
40 meV?? 65 meV????????
? 4.7? 40 meV?? 65 meV??????????????????????
??HREELS????????????60.4 meV?????????????
???????????????????????  -X??? 1st SBZ????























































? 4.8?  = 1:00?X??????HREELS???????????????















































































 ??????????????????????????Ss = 259:1 0:5 meV?









































ζ = q// / 0.82 A








84 ? 4? H:Si(110)-(11)???????????
Arima??Eremtchenko???????????????????Watanabe??























?????????????????? 2???????? Si?? chain??H
????? 0.358 nm????? 3.1????H2?????? Lennard-Jones??










??? 1st SBZ?? 2nd SBZ????????????????????? -X'
?????????????????????????????????????
?? -X??????????????????????????????? ?
????????????????????Bo = 77:40:5 meV?Bi = 80:60:5
meV????Watanabe??ATR???? 2?? Bi?????????? 80.5
















Ct1?Ct2? 3??????????Cx? Cy? 2?????????????Cs
? Si chain????????????? 1??? Si-Si?????????? 2?3
??????????????????????  00?? 61:2  1:0 meV???
???????????????????? -X??? 1st SBZ???  -X0??
???????????????Ct1?Ct2? Si-Si??????????????
????????????????????????????2nd SBZ????
??????????????  10????????????Ct1 = 29:3 meV?





????????? 53:2 1:0 meV????????????????????
?????????1st?2nd SBZ????????????Cy???????









































2012????? Intel?? 3?????????????????Tri-gate FET
????? [11]????MOSFET?Metal-Oxide-Semiconductor Field Eect Tran-
sistor??????????????????????????????????
?????????????????????Tri-gate FET?????????

































































??????He I??Xe I??????????????He I????? 21.2
eV????????????????????????????????????
H:Si(110)??????????????H??? 1s??? Si??? 3s?3p??
?????????????H??? 1s?????????-13.6 eV?????
??Si???????? 4?5 eV????????He I???????????
?????
???Xe I??????????? 8.44 eV????????????Highest
Occupied Molecular Orbital: HOMO????????????????????
?????????????????????????????????????
????????????????????Xe I?He I????????????
92 ? 5? H:Si(110)-(11)??????????
????????????????????????????????????
????????????????????????????????????





???????P doped, 1-3 
 cm???? 1????????????????























Ei = 9 eV
θi = θs = 60
o

























? 5.2: ???H:Si(110)-(11)???HREELS?????? LEED?
(a) HREELS??????(b) LEED??LEED??????? 50 eV????
94 ? 5? H:Si(110)-(11)??????????
5.3 ????
5.3.1 H:Si(110)???????????




?????????? 2???????????????? X??? 5.6 eV??
????????4.7?4.1 eV??????????????2.9 eV??????
???????X0??? 2.5 eV???????????????5.1 eV????
??????????






















































96 ? 5? H:Si(110)-(11)??????????
?????????????????????X0?? 2.5 eV????? Si-Si??
???????????????????
? 5.4: H:Si(111)-(11)???ARPES????? [51]
5.3. ???? 97
5.3.2 H:Si(110)??????????
? 5.5??? 5.6?He I????????H:Si(110)-(11)???ARPES??
????????????????? 2???????????????????












B1????  ????Xe I???????????Xe I?He I???? 2???
??????????????????? Si?????????????????
??????????????????????
















































? 5.5: H:Si(110)???  -X??????????
(a) He I?ARPES???????????? ???????????????





















































? 5.6: H:Si(110)???  -X0??????????
(a) He I?ARPES???????????? ???????????????




100 ? 5? H:Si(110)-(11)??????????
5.4 ??
5.4.1 ????????












? 5.1: ???????  ???????????????
? ? Energy ??? ??E
   -X  -X0
B1 1.3 1.2 1.9
C1 1.9 2.4 0.3
C2 2.5 2.6 0.0
C3 3.9 1.3 1.3
B2 4.8 1.3 1.8
B3 5.6 1.0 1.7

































? 5.7: H:Si(110)???  -X0??????????
102 ? 5? H:Si(110)-(11)??????????
5.4.2 ??????????C1 3?





















??????????????H????????? 5.8 eV??? a?????















? 5.8: H:Si(111)?????????? [53]
104 ? 5? H:Si(110)-(11)??????????
5.4.4 ???????B1 3?
B1?B2?B3???????????????????????B1?????









? 5.9? Sakamoto?????????? Si(110)-(162)??????????












? 5.9: Si(110)-(162)?????????? [24]












































































110 ? 6? ??????????????????
?????




































112 ? 6? ??????????????????
? 6.1: H:Si(110)-(11)??????????
? ? Bulk? Semi-empirical DFT STM image? ?
L1 0.543 0.54 0.54 0:55 0:02
L2 0.384 0.38 0.38 0:39 0:02
L3 ? 0.24 0.23 0:25 0:02





?? 6.2?????????????? Si(3pz +3pxy) states?chain states?Si(pz)
states?H(1s) states?Si(3s) states? 5???????????????????
????????????????? 6.4???????????????
??????????? Si(110)??? chain??????? Si-Si?????


























































































































? 6.6(a)?????????????? 1.1 eV???????????????
????????????????????????????????????




















???????????????? 1.1 eV?????????4.2 eV?????










(c)(b)1.1 eV 1.2 eV 1.4 eV
1.7 eV 2.1 eV 2.5 eV
3.0 eV 3.4 eV 3.8 eV

































??????????????????????? 6.7(d)? 2.5 eV? 1????





























































































































? 6.2:  ?????H-Si????????????????: meV?
? ? DFT Experiments Semi-empirical?
Ss 256.8 259.1 257.35
Sa 255.2 257.2 257.28
Bi 75.8 80.6 78.1
Bo 75.7 ? 80.5
Bo 73.1 77.4 75.9
Bi 72.1 ? 73.5
S 1.6 1.9 0.07





? 256.8 meV?Sa? 255.2 meV????????S = Ss   Sa?? 1.6 meV??
?? -X?????Ss????  00?????????????Sa????  10?
???????????????X????? 255.6 meV??????2????
??  -X0???????????????????? X0????? Ss = 256:0
meV?Sa = 255:8 meV????????????H?????????????
??????????????? 1?2 meV?????????????????
?????






? 75.7 meV?Bo? 73.1 meV?Bi? 72.1 meV????? 6.8(b)?  -X?????
Bi?Bi??????????????Bi????  00????????????
??????X?? 76.6 meV? Bo????????Bi????  10?????
??????????????X?? 72.8 meV?Bo?????? -X0?????
Bi???????????????????????????????????
?? X0????????????Bo = 72:2 meV?Bi = 72:6 meV?Bo = 75:0
meV?Bi = 78:3 meV????
DFT?????? Bi ???? Bo ????  -X?????????????
HREELS????????????????????Graschus????????
???????????????Si-H????????? Si chain??????
128 ? 6? ??????????????????
???????? -X???????????????????
6.5.2 ????????
? 6.10(a)????? Si?????????????  ???????????
???????????Graschus?????C???????????????
???DFT????????????????Cs?61.5 meV??Cy?57.3 meV??





? 6.10(b)? (a)? 5??????????????????????????








































? 6.10:  ????? Si?????????????????
(a)???? Si???????????????????(b) (a)????????
??  ????????????????m = 1?????H???m = 7??
?????? Si??????





















65 meV??? Si????????30 meV?????????????????
?????????????????40?65 meV??????????????
??????Cs?Cy?Ct2? 3???????DFT?????????????



































































? 6.12: DFT??? Semi-empirical??????????????
????DFT???????Graschus??????????
6.5. ?????? 133


















? 6.13: DFT??? Semi-empirical??????????????
????DFT???????Graschus??????????












































































?? 3?????????????????????????? [001]??? nm
??? nm?[110]??????? nm ??????????????[110]???
?? m?????? 1?2????????????????????????
????????????????
138 ? 7? ??????
?? STM?????????????????????????? H???



















































































































































































exp f2i(k   k0)  rTg]
 Fc G (A.1)
M1;M2 : m;n??? unit cell???
N : unit cell?????
fj : unit cell?? j????????????
146 ? ?A ?????????????
k0; k : ????????????????
rT : ?????????? T (m;n)??? unit cell?????
rj : unit cell???????? j???????





fj exp (2ig  rj) (A.2)
????????Fc????Fg??????????????G???????






1  exp (2isiai) (A.3)
??????? ai? unit cell??????s????  12ai  si  12ai ????
???????????????
















exp f2i(h  xj + k  yj)g (A.5)
A.2. ????????? 147
????????? x?????????????unit cell?? 2???????
???? r1 = (x1; y1)?r2 = (x1 + 12 ; y1)??????????f1 = f2 = f ??
??
Fg = f [exp f2i(hx1 + ky1)g+ exp f2i(hx1 + h
2
  ky1)g]
= fe2ihx1 [e2iky1 + eih  e 2iky1 ] (A.6)
????k = 0????
Fg = fe
2ihx1(1 + e ih) (A.7)
??????????????????
jFgj2 =










i + ui (B.1)
??????????????????? fRg???????????????
?????






ui +    ; (B.2)
????????? s???????????????? (s)i ?????????
i??? ui????????????X
i













M(k(I);k(S); +s) = < ns + 1jf(k(S);k(I); fRg)jns >
























N ? unit cell???ns ??????????????Bose-Einstein?????





















































































































































































































????????kx = k(I)x  k(S)x ??????????????????G = 2a
?????????????????????????????????
even mode : k = q + 2nG (B.23)
odd mode : k = q + (2n+ 1)G n = 0;1;2;    (B.24)
??????????1; 3; 5   ?? SBZ(Surface Brillouin Zone)????????

























(R) = E(R) (C.1)
??????????RI? I??????????MI???????R  fRIg
?????????????????E(R)?????????????????
??????????????????????????



















































???? V (r)?????????????????????? F [n(r)]????











jr   r0j drdr


























 n(r) = n n(r) (C.9)
C.2. ?????? 157
??????????????????????????




















































 n(r)V (r; r
0) n(r0)drdr0 (C.15)



















??? [110] ??? [001]
B1 ???-0.89 ???-0.27
C1 ?? -0.43 ???-1.51
C2 ???-0.18 ????
C3 ???-0.13 ??? 0.41
B2 ??? 0.80 ??? 0.28
B3 ??? 1.03 ??? 0.31
S1 ??? 1.14 ??? 0.36
* m0 ??????????
160 ? ?D H:Si(110)-(11)???????????
?????????????????
mh =  me (D.2)
????????????????????????????????????
? B1???????mh[110] = 0:89?mh[001] = 0:27???? chain???C1??
?????mh[110] = 0:43?mh[001] = 1:51 ??????????????????
????????mh[110]=mh[001]??
B1 : mh[110]=mh[001] = 3:3;??C1 : mh[110]=mh[001] = 0:28 (D.3)
?????????????????????????C1??????????
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